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We present a simple scheme for constructing models that achieve successful gauge mediation of supersymme-
try breaking. In addition to our previous work [1] that proposed drastically simplified models using metastable
vacua of supersymmetry breaking in vector-like theories, we show there are many other successful models using
various types of supersymmetry breaking mechanisms that rely on enhanced low-energy U(1)R symmetries. In
models where supersymmetry is broken by elementary singlets, one needs to assume U(1)R violating effects are
accidentally small, while in models where composite fields break supersymmetry, emergence of approximate
low-energy U(1)R symmetries can be understood simply on dimensional grounds. Even though the scheme
still requires somewhat small parameters to sufficiently suppress gravity mediation, we discuss their possible
origins due to dimensional transmutation. The scheme accommodates a wide range of the gravitino mass to
avoid cosmological problems.
I. INTRODUCTION
Despite many new ideas, supersymmetry is still regarded as
the prime candidate for physics beyond the standard model.
If it exists at the TeV scale, it stabilizes the hierarchy be-
tween the electroweak and the Planck scales, allows for gauge
coupling unification with the minimal particle content, has a
natural candidate for the dark matter, and possibly connects
to string theory. On the other hand, having been around for
three decades, its deficiencies are also well known. These in-
clude potentially excessive flavor-changing and CP -violating
effects, cosmological gravitino and moduli problems, and the
lack of automatic proton longevity. In particular, it has been a
nontrivial challenge to break supersymmetry and mediate its
effect to the supersymmetric standard model (SSM) sector in
a phenomenologically successful manner.
Gauge mediation of supersymmetry breaking [2, 3] is an
attractive solution to the phenomenological problems with
supersymmetry. In particular, it naturally avoids excessive
flavor-changing phenomena because gauge-mediated super-
symmetry breaking effects are flavor universal. On the other
hand, constructing explicit and realistic models of gauge me-
diation has been a rather nontrivial challenge that requires a
fair amount of model-building efforts, and this aspect has been
making the scenario appear a somewhat unlikely choice by na-
ture.
In a previous paper [1], we have proposed a drastically sim-
plified class of models for gauge mediation of supersymme-
try breaking. The models have a supersymmetric SU(Nc),
SO(Nc) or Sp(Nc) gauge theory with massive quarks, mas-
sive vector-like messengers charged under the standard model
gauge group, and a completely general superpotential among
these fields. We have found it remarkable that this simple and
general class of models can successfully break supersymme-
try and generate a phenomenologically desired form of super-
symmetry breaking masses, without any additional ingredi-
ents. This makes us conjecture that gauge mediation may be
a rather generic phenomenon in the landscape of possible su-
persymmetric theories, which does not require any contrived
or artificial structures that existed in many of the past models.
In this paper, we show that the success of the previous pa-
per can extend more generally to even wider classes of the-
ories. The low-energy structure of the models of Ref. [1] is
such that, while the entire superpotential does not possess a
U(1)R symmetry, terms relevant for supersymmetry break-
ing possess an accidental (and approximate) enhanced U(1)R
symmetry. In the models of Ref. [1], this structure arises au-
tomatically at low energies, since U(1)R violating effects in
the supersymmetry breaking sector arise from higher dimen-
sion operators and thus are suppressed by powers of the cutoff
scale. In this paper we present many other models that are
as simple as those in Ref. [1], and hence the simplicity of the
scheme is not necessarily tied to the supersymmetry breaking
mechanism of Ref. [4] on which the models of Ref. [1] were
based.
In addition, in this paper we also consider the possibil-
ity that the U(1)R violating terms are suppressed (or absent)
without obvious low-energy reasons. Such suppressions may
arise through accidentally small parameters, as a property of
string vacua, or for anthropic reasons. We also allow us to
make a certain dynamical assumption on the sign of a Ka¨hler
potential term that is not calculable due to strong interac-
tions. These relaxations of the requirements drastically en-
hance a variety of possible theoretical constructions leading
to the structure described above. An important key to the suc-
cess is the mass term for the messengers, which is simply one
of the generic terms allowed by all symmetries.
In order for a model to be viable, several consistency con-
ditions need to be met. Generic gravity-mediated supersym-
metry breaking must be sufficiently small to avoid excessive
flavor-changing and CP -violating processes. The impact of
U(1)R violation, both at tree and loop levels, must be suffi-
ciently small in the supersymmetry breaking sector to keep
the essential dynamics intact. In addition, one should be
concerned about cosmological constraints on the gravitino,
moduli if any, the origin of the µ and µB terms, and so on.
Nonetheless, the framework we present here is sufficiently
general and simple that we expect many models can be con-
structed to address these issues. In particular, the framework
accommodates a wide range of the gravitino mass, 1 eV <∼
m3/2 <∼ 10 GeV.
The simplicity and the variety of the models presented
in this paper revitalize interest in the gauge mediation sce-
2nario, and more generally in weak scale supersymmetry. They
largely eliminate the concern about weak scale supersymme-
try coming from the experimental non-observation of flavor-
changing orCP -violating effects in addition to the ones in the
standard model.
The organization of the paper is as follows. In the next
section we describe the basic framework, and provide general
discussions that apply to various explicit models presented in
later sections. In Section III we present classes of models in
which the supersymmetry breaking field is an elementary sin-
glet. These models use accidental features to provide the ap-
proximateU(1)R symmetry. In Section IV we present models
in which the supersymmetry breaking field arises as a compos-
ite field. In these models, U(1)R in the supersymmetry break-
ing sector arises automatically as an approximate low-energy
symmetry. We present classes of models in which the sign of
the relevant Ka¨hler potential term can be reliably calculated in
the low-energy effective theory, as well as those in which the
sign is incalculable. In particular, a class of models presented
in Section IV B enjoys the same level of success as the one in
Ref. [1]. In Section V we discuss slightly different classes of
models, which are nonetheless closely related to the ones pre-
sented in previous sections. Finally, in Section VI we discuss
possible ways to naturally generate small parameters that are
used in the models constructed in Sections III–V. Conclusions
are given in Section VII.
II. FRAMEWORK
In this section we present our basic framework. Explicit
models within this framework will be given in later sections.
A. Basic idea
The basic idea is very simple. We consider the following
superpotential
W = −µ2S + κSff¯ +Mff¯, (1)
where S is a gauge singlet chiral superfield (elementary or
composite), and f , f¯ are messengers; µ is the scale of super-
symmetry breaking, and κ a coupling constant. The parame-
ters µ2, κ andM can be taken real and positive without loss of
generality. For concreteness, we take the messengers to be in
5+ 5∗ representations of SU(5) in which the standard model
gauge group is embedded.
We assume that the Ka¨hler potential for S takes (approxi-
mately) the form
K = |S|2 − |S|
4
4Λ2
+O
( |S|6
Λ4
)
, (2)
expanded around the origin S = 0, where Λ is a mass scale.
(We assume a canonical Ka¨hler potential for the messengers
for simplicity.) This form of the Ka¨hler potential is obtained,
for instance, if there is an approximate low-energyU(1) sym-
metry on S. This symmetry can be a U(1)R symmetry pos-
sessed by the first two terms of the superpotential, Eq. (1),
under which S, f and f¯ carry the charges of 2, 0 and 0, re-
spectively. In this case, the dynamics associated with (the
generation of) these terms can be responsible for the Ka¨hler
potential of Eq. (2). (Explicit examples for such dynamics
will be presented in later sections.) The U(1)R symmetry is
violated by the last term of Eq. (1), but its effect on the Ka¨hler
potential can be suppressed as long as M >∼ κ2Λ/4pi, as we
will see below.
Let us first discuss the model at tree level specified by
Eqs. (1, 2). The potential is simply given by
V =
∣∣µ2 − κff¯ ∣∣2(1 + |S|2
Λ2
+O
( |S|4
Λ4
))
+
∣∣κSf +Mf ∣∣2 + ∣∣κSf¯ +Mf¯ ∣∣2, (3)
which has a global supersymmetric minimum at
S = −M
κ
, f = f¯ =
µ
κ1/2
. (4)
This potential, however, also has a local supersymmetry
breaking minimum at the origin of field space, S = f = f¯ =
0, as long as M2 > κµ2. The masses for the scalar compo-
nents of S and the messengers are given by m2S = µ4/Λ2 and
m2f = M
2 ± κµ2, respectively. Note that in order for this
point to be a minimum, it is important that the sign of the sec-
ond term in Eq. (2) is negative. This can be explicitly proven
in some of the models presented in later sections, while in
some others the sign should be simply assumed.
The tunneling rate from the local minimum to the true su-
persymmetric minimum can be easily suppressed. To esti-
mate it, we can base our discussions on Ref. [5], calculating a
semi-classical field theoretic tunneling rate for a toy triangu-
lar potential. While the expression worked out there cannot be
literally applied to our case, we can still approximate our po-
tential by a triangular form, obtaining the decay rate per unit
volume Γ/V ∼ µ4e−B with B ∼ 8pi2MΛ2/κ3/2µ3. Since Λ
is expected to be >∼ µ, the bounce action B can be easily of
O(100) or larger for M >∼ κ1/2µ. To keep the lifetime of the
local minimum much larger than the age of the universe, we
need Γ/V ≪ H40 , whereH0 ≃ 1.6× 10−33 eV is the present
Hubble constant. The bound is the strongest for M2 ≈ κµ2
(the lowest messenger scale), but even then the constraints on
the parameters are not very strong for Λ >∼M .
At the local supersymmetry breaking minimum, the mes-
sengers f, f¯ have both supersymmetric and holomorphic su-
persymmetry breaking masses
Mmess =M + κ〈S〉 ≈M, (5)
and
Fmess = κ〈FS〉 = κµ2. (6)
Here, we have assumed that the expectation value of S, which
is generated by U(1)R violating effects as we will see below,
is small. The conditions that this requirement imposes on the
parameters of the theory will be discussed shortly. The masses
3for the gauginos and scalars in the SSM sector are then gener-
ated by messenger loops [2, 3] and of order
mSUSY ≃ g
2
16pi2
κµ2
M
, (7)
where g represents generic standard model gauge coupling
constants. Taking these masses to be ofO(100 GeV∼1 TeV)
corresponds to
κµ2
M
≈ 100 TeV. (8)
The gravitino mass, on the other hand, is given by
m3/2 ≈
〈FS〉
MPl
≈ µ
2
MPl
, (9)
where MPl ≃ 2.4 × 1018 GeV is the reduced Planck scale.
Thus, requiring that gravity mediation gives only subdominant
contributions to the scalar masses, m3/2 <∼ 10 GeV, we find
µ <∼ 109.5 GeV. (10)
B. Effects of U(1)R violation
The existence of the supersymmetry breaking minimum at
S = f = f¯ = 0 can be viewed as a result of the U(1)R sym-
metry possessed by the first two terms of Eq. (1): R(S) = 2,
R(f) = R(f¯) = 0. This picture is corrected by U(1)R vi-
olating effects coming from the other sectors and/or terms in
the theory. One origin of U(1)R violation arises from the su-
perpotential terms S2 and S3, which are the (only) renormal-
izable terms, other than those in Eq. (1), allowed by the gauge
symmetry.1 These terms can be automatically suppressed if S
is a composite field generated at low energies (as in the mod-
els of Section IV) but in general must be suppressed for other
reasons if S is elementary (as in the models of Section III).
Denoting the extra terms as
∆W =
MS
2
S2 +
κS
3
S3, (11)
constraints on the parameters MS and κS are obtained by re-
quiring that the resulting shift of 〈S〉 is smaller than ≈ Λ (for
the expansion of Eq. (2) to be valid) and than ≈ M/κ (to
avoid tachyonic messengers):
|MS| <∼ min
{
µ2
Λ
,
Mµ2
κΛ2
}
, |κS | <∼
µ2
Λ2
. (12)
Note that these conditions are not very restrictive. This is
because we use field space with small S, where there is a
quadratic stabilizing potential for S arising from the second
term in Eq. (2).
1 A linear term of S in the Ka¨hler potential can be absorbed into the defini-
tion of the superpotential by the appropriate Ka¨hler transformation.
Another source of U(1)R violation comes from loops of the
messengers, which do not respect U(1)R because of the mass
term. These loops generate the following Coleman–Weinberg
effective potential for S:
∆V ≈ κ
2µ4
16pi2
F
(
κS
M
)
≃ 5µ
4
16pi2
{
κ3
M
(S + S†)− κ
4
2M2
(S2 + S†2) + · · ·
}
,
(13)
where F(x) is a real polynomial function with the coeffi-
cients of O(1) up to symmetry factors. In the second line, we
have shown the coefficients explicitly, keeping only the lead-
ing terms in κµ2/M2 (and dropping an irrelevant constant in
∆V ), which corresponds to the correction to the Ka¨hler po-
tential of the form ∆K ≈ (1/16pi2){(κ3/m)|S|2(S + S†) +
(κ4/m2)|S|4+(κ4/m2)|S|2(S2+S†2)+ · · ·}. The effective
potential of Eq. (13) pulls the minimum at S = 0 towards the
negative direction, and reduces a mass-squared eigenvalue of
S from µ4/Λ2. Yet for
M >∼
κ2
4pi
Λ, (14)
we find that these effects are parametrically suppressed and
the structure of the supersymmetry breaking sector is not sig-
nificantly modified. In particular, the local minimum stays at
small S: |〈S〉| ≈ κ3Λ2/16pi2M <∼ min{M/κ,Λ}. The con-
dition for avoiding tachyonic messengers is
M2 >∼ κµ2. (15)
Note that the inequalities of Eqs. (14, 15) should be under-
stood that order one coefficients are omitted.
In general, the 4 parameters of the theory µ, κ, M and Λ
are arbitrary, except that we expectΛ >∼ µ if the higher dimen-
sion term in the Ka¨hler potential of Eq. (2) is induced by the
dynamics generating the first (two) term(s) of the superpoten-
tial of Eq. (1). By varying these parameters, a wide variety of
physical pictures can arise. For µ2/Λ≫M , for example, we
can first integrate out the S scalar, which is much heavier than
the messengers, and then the low-energy theory below the S
mass appears as the standard gauge mediation model, with the
Lagrangian given by
∫
d2θ (Mmess+θ
2Fmess)f f¯+h.c.On the
other hand, in the opposite limit of M ≫ µ2/Λ, we can first
integrate out the messengers f and f¯ . This generates “gaug-
ino mass operators”
∫
d2θ SWαWα + h.c. as well as flavor
universal “scalar mass operators”
∫
d4θ S†SΦ†Φ, where Wα
represents the SSM gauge field strength superfields and Φ the
SSM matter and Higgs chiral superfields. The low-energy the-
ory below the messenger mass, M , is then a simple Polonyi-
type model – Eqs. (1, 2) with f and f¯ set to zero – together
with these operators, which are responsible for the masses of
the gauginos and scalars in the SSM sector.
C. The origin of S and the scales of the theories
The framework described here represents a great simplifi-
cation in building models of gauge mediation. The only re-
4quired aspect of model building is essentially to explain the
origin of the quartic term in Eq. (2). There are many classes
of explicit models that can be constructed in this framework,
some of which will be presented in Sections III and IV. In the
models where S is an elementary singlet (the models in Sec-
tion III), it must be assumed that the U(1)R violating terms
of Eq. (11) are suppressed without obvious low-energy rea-
sons. On the other hand, in the models where S is a compos-
ite field (the models in Section IV), these terms are naturally
suppressed. Suppose that the S field consists of n elementary
fields, S ∼ Qn/Λn−1s (n ≥ 2), where Q and Λs represent
generic constituents of S and the scale of compositeness, re-
spectively. The parameters MS and κS in Eq. (11) are then
suppressed as
MS ≈ Λ
2n−2
s
M2n−3∗
, κS ≈ Λ
3n−3
s
M3n−3∗
, (16)
respectively. Here, M∗ is the cutoff scale of the theory.
The S compositeness also suppresses the parameter κ in
Eq. (1), weakening the transmission of gauge mediation ef-
fects. Writing the fundamental superpotential, which replaces
the first two terms of Eq. (1), schematically as
W ≈ − ζ
Mn−3∗
Qn +
η
Mn−1∗
Qnf f¯ , (17)
we find
µ2 =
ζΛn−1s
Mn−3∗
, κ =
ηΛn−1s
Mn−1∗
, (18)
where we have defined the compositeness scale Λs by S =
Qn/Λn−1s . The requirement of Eq. (12) for preserving the
approximate U(1)R symmetry was to have a metastable min-
imum around the origin to justify the analysis. It requires an
unexplained suppression in MS for elementary S, while it is
easy to satisfy for composite S.
The gauge-mediated contribution to the SSM superparticles
is given by (see Eq. (7))
mSUSY ≃ g
2
16pi2
ζηΛ2n−2s
M2n−4∗ Mmess
, (19)
where we have denoted the messenger mass explicitly as
Mmess, leaving the possibility that the term with the S ex-
pectation value contributes significantly in Eq. (5). We find
that mSUSY is suppressed by (Λs/M∗)2n−2. The contribu-
tion from gravity mediation is (see Eq. (9))
m3/2 ≈
ζΛn−1s
Mn−3∗ MPl
. (20)
Dividing Eq. (20) by Eq. (19), and using the stability condition
M2mess
>∼ κµ2 (see Eq. (15)), we obtain
m3/2
mSUSY
≈ 16pi
2
g2
Mn−1∗ Mmess
ηΛn−1s MPl
>∼ 100
√
ζ
η
M∗
MPl
. (21)
In order for the gauge-mediated contribution to dominate over
the gravity-mediated one, we must have m3/2/mSUSY <∼
O(0.01 ∼ 0.1). This requires either small ζ, large η, small
M∗, or a combination of these:√
ζ
η
M∗
MPl
<∼ O(10−4∼10−3). (22)
(A large value for η is obtained by generating the nonrenor-
malizable coupling W ∼ Qnf f¯ by integrating out heavy
fields below M∗ in the theory.) In the case that S is a two-
body composite, i.e. n = 2, this condition is satisfied sim-
ply by having small mass parameters for elementary fields:
W ∼ mQQ with m ≪ M∗, which corresponds to having
small ζ.
A large variety of theoretical constructions allowed in this
framework can lead to a wide range of the parameters µ, κ,
M and Λ. This implies in particular that the framework ac-
commodates a wide range of the gravitino mass, 1 eV <∼
m3/2 <∼ 10 GeV. The smallest gravitino mass is obtained
when M2 ≈ κµ2 ≈ (100 TeV)2 and κ ≈ O(1∼4pi). Such a
light gravitino is useful to avoid cosmological problems asso-
ciated with the gravitino [6].
III. THEORIES WITH ELEMENTARY SINGLETS
In this section we present classes of models in which the
supersymmetry breaking field S is an elementary singlet. As
discussed in the previous section, this case requires accidental
suppressions in U(1)R violating terms. Nonetheless it is quite
nontrivial that successful gauge mediation is obtained in very
simple models once such suppressions are assumed.
A. Tree-level supersymmetry breaking
An obvious candidate for producing the required Ka¨hler po-
tential of Eq. (2) is the good-old O’Raifeartaigh model [7].
We replace the first term of Eq. (1) (and the second term of
Eq. (2)) by
W = −µ2S + λSX2 +mXY, (23)
where S, X and Y are singlet fields having the canonical
Ka¨hler potential (up to terms suppressed by the cutoff scale).
Here, we simply assume that possible terms S2, S3, X2,
SXY , Y 2 and SY 2 are somehow suppressed. (The other
terms can be forbidden by a discrete Z2 symmetry under
which X and Y are odd.) The parameters µ2, λ and m are
taken real and positive without loss of generality.
The superpotential of Eq. (23) breaks supersymmetry due
to the incompatibility between FS = 0 and FY = 0. For
m2 > 2λµ2, the minimum is at X = Y = 0. The field
S is a flat direction at tree level, but is stabilized at the
origin due to radiative corrections to the Ka¨hler potential.
These corrections can be calculated most easily by comput-
ing the Coleman-Weinberg effective potential for S, arising
from loops of X and Y . The mass matrix of the X and Y
5fermions in the basis (ψX , ψY ) is(
2λS m
m 0
)
, (24)
while that of the scalars in the basis (X,X†, Y, Y †) is

m2 + 4λ2|S|2 −2λµ2 2λmS† 0
−2λµ2 m2 + 4λ2|S|2 0 2λmS
2λmS 0 m2 0
0 2λmS† 0 m2

 .
(25)
The resulting Coleman-Weinberg potential can be expanded
around the origin of S as
∆V =
λ4µ4
3pi2m2
|S|2 − 3λ
6µ4
10pi2m4
|S|4 + · · · , (26)
where we have dropped an unimportant constant and kept only
the leading terms in λµ2/m2. Note that since the superpoten-
tial of Eq. (23) possesses a U(1)R symmetry under which S,
X and Y carry the charges of 2, 0 and 2, respectively, the po-
tential of Eq. (26) is a function only of |S|2. This, therefore,
corresponds to the Ka¨hler potential corrections of the form of
Eq. (2), with Λ2 = 3pi2m2/λ4.
To summarize, the complete superpotential of the model
presented here is given by the combination of Eqs. (1) and
(23):
W = −µ2S + λSX2 +mXY + κSff¯ +Mff¯. (27)
The other possible renormalizable terms must be suppressed
as discussed in Section II B. The Ka¨hler potential can be
canonical.
B. Dynamical models
Another class of models that reproduces the super- and
Ka¨hler potentials of Eqs. (1, 2) uses supersymmetry break-
ing theories of Ref. [8], based on quantum modified moduli
space. Consider an SU(2) gauge theory with four doublets
Qi and six singlets Sij = −Sji (i, j = 1, · · · , 4). It is con-
venient to exploit the local equivalence of SU(4) and SO(6)
groups for the flavor symmetry, and regard both singlets Sij
and mesons Mij ≡ QiQj to be in the vector representation
of SO(6). For the sake of presentation, we assume that flavor
SO(6) is explicitly broken to SO(5) by superpotential inter-
actions, and refer to SO(5) vectors Sa, Ma (a = 1, · · · , 5)
and singlets S6, M6.2 The superpotential, which replaces the
first term of Eq. (1) and the second term of Eq. (2), is then
given by
W = −λ5SaMa − λS6M6. (28)
2 The model works equally well if SO(6) is completely broken by superpo-
tential interactions analogous to Eq. (28).
The couplings λ5 and λ can be taken real and positive without
loss of generality. At quantum level, the theory confines with
the following quantum modified moduli space [9]:
Pf(QiQj) =MaMa +M6M6 = Λ
4
s, (29)
where Λs is the dynamical scale of SU(2) gauge interactions.
Because this constraint contradicts with the conditions for a
supersymmetric vacuum ∂W/∂Sa = ∂W/∂S = 0, the theory
breaks supersymmetry. Assuming λ5 > λ, the minimum is
at Ma = Sa = 0 and M6 = Λ2s. We can thus eliminate
M6 using the constraint as M6 = (Λ4s −MaMa)1/2, and the
superpotential of Eq. (28) becomes
W = −λ5SaMa − λS(Λ4s −MaMa)1/2, (30)
where we have denotedS6 simply as S. The field S is a flat di-
rection at tree level. We thus need to consider quantum effects
to find where the minimum is for S. For S ≫ Λs, the po-
tential grows logarithmically with S [10]. This can be shown
explicitly because in this regime a weakly coupled descrip-
tion in terms of the fundamental quarksQi is valid, so that the
wavefunction renormalization factor ZS can be reliably cal-
culated. The potential is Veff = Z−1S (S)|FS |2, which grows
for large S because of the Yukawa coupling λ.
The behavior of the potential for small S is more subtle.
It was shown, however, in Ref. [11] that the behavior of the
Ka¨hler potential around the origin of S is indeed of the type
in Eq. (2). The quartic correction due to strong coupling of
Qi is not calculable. Yet noting that only the combination λS
couples to the strong sector, the contribution to the effective
Ka¨hler potential of S coming from strong coupling physics at
the scale Λ′s ≈ 4piΛs is given by
K =
Λ′2s
(4pi)2
G
( |λS|2
Λ′2s
)
, (31)
where G(x) is a polynomial function with the coefficients of
O(1) up to symmetry factors, and the factor of 4pi is inserted
using naive dimensional analysis [12]. The quartic correction
to the Ka¨hler potential for S is therefore of O(λ4/16pi2Λ′2s )
from the strong sector.
On the other hand, the Coleman–Weinberg potential for S
due to loops of Ma gives the quartic term of S in the effec-
tive Ka¨hler potential at O(λ2/Λ′2s ). Here, we have assumed
that λ5 and λ are of the same order of magnitude, and λ2/Λ′2s
arises from the product of the one-loop factor, 1/16pi2, four
couplings of S, λ4, and the inverse square of the Ma masses,
1/(λΛs)
2
. We thus find that for a perturbative value of λ, i.e.
λ <∼ 4pi, the calculable correction dominates over the incalcu-
lable one in Eq. (31). Indeed, one can show that for λ5 ≥ λ
the potential has a minimum at S = 0 with positive curva-
ture.3 With the renormalized λ5, λ and Λs in Eq. (30), the
3 The real parts of Ma become Nambu–Goldstone bosons of a sponta-
neously broken SO(6) symmetry and hence massless in the limit λ5 →
λ+0. Their mass squared goes negative for λ5 < λ, and the new minimum
gives a nonvanishing F component for Sa, instead of S.
6bosons have a mass matrix
m2B =

λ25Λ
2
s −λλ5ΛsS 0 0
−λλ5ΛsS† λ25Λ2s + λ2|S|2 0 −λ2Λ2s
0 0 λ25Λ
2
s −λλ5ΛsS†
0 −λ2Λ2s −λλ5ΛsS λ25Λ2s + λ2|S|2

 ,
(32)
while the fermions
m2F =
(
λ25Λ
2
s −λλ5ΛsS†
−λλ5ΛsS λ25Λ2s + λ2|S|2
)
. (33)
Here, we have used the fact that the kinetic terms for Ma are
given by K ≈ M †aMa/Λ2s. The curvature m2S at the origin,
defined as V = V0+m2S |S|2+O(|S|4), can then be calculated
as
m2S =
5Λ2s
32pi2
(
(λ25 − λ2)2 ln
λ25 + λ
2
λ25 − λ2
+ 2λ2λ25 ln
(λ25 + λ
2)2
eλ45
)
,
(34)
and we find thatm2S ≥ 0 for all λ5 ≥ λ. This explicit calcula-
tion confirms our power counting,m2S ≈ λ2|FS |2/16pi2Λ2s ≈
λ4Λ2s/16pi
2
.
The theory is not calculable for S ∼ Λ′s/λ, and hence it
in principle allows for a local minimum there [13]. If there
is indeed a local minimum at S ∼ Λ′s/λ, it also provides a
phenomenologically acceptable minimum. In this paper we
have picked the minimum close to the origin S ≈ 0, since we
know it exists and thus is on a firmer theoretical footing.
To summarize, the complete superpotential of the model is
given by the combination of Eqs. (1) and (28):
W = −λ5SaMa − λS6M6 + κS6f f¯ +Mff¯. (35)
The other possible gauge-invariant, renormalizable terms
must be suppressed. Their coefficients must be smaller than
of O(min{Λs,M}) for dimensionful ones and of O(1/16pi2)
for dimensionless ones. The model reduces to the one of
Eqs. (1, 2) at low energies. The correspondence of the scales
is given by µ2 = λΛ2s and Λ ≃ 4piΛs/λ. Extensions of the
model to other gauge groups, Sp(Nc) (Nc > 1) and SU(Nc)
(Nc > 2), are straightforward.
IV. THEORIES WITHOUT ELEMENTARY SINGLETS
Models in the previous section contain elementary singlets
S, so that the superpotential terms S2 and S3 must be sup-
pressed “by hand” to obtain the approximate U(1)R symme-
try in the supersymmetry breaking sector. In this section, we
present models that do not contain any fundamental singlets.
The effective singlet S arises as a composite field at low en-
ergies, which allows for natural suppressions of the S2 and
S3 terms in the low-energy effective superpotentials. One
class is our previous work [1] and its straightforward gener-
alizations based on the supersymmetry breaking mechanism
of Ref. [4], where the negative quartic term in the Ka¨hler po-
tential originates from loops of light fields. However, the suc-
cess of our scheme is not limited to this class of models. We
also show other classes of models which enjoy comparable
successes, with tree-level or dynamical origin of the negative
quartic term.
A. Models of Ref. [1] and their straightforward variations
We begin by reviewing a class of models constructed in our
previous work Ref. [1]. Strictly speaking, these models do not
reduce to the one given by Eqs. (1, 2), since there are several
“S” fields that carry nonvanishing F -component expectation
values, FS . This slightly changes the situation. For example,
turning on expectation values of the messengers cannot absorb
all the FS’s, so it does not lead to a supersymmetric minimum.
Nonetheless, the basic structure of the models is still that of
Section II, and many of the analyses there remain without any
essential changes. At the qualitative level, even the constraint
from tunneling can persist. We simply have to reinterpret the
tunneling to the supersymmetric minimum as that to a lower,
phenomenologically unacceptable minimum, which may arise
by turning on messenger expectation values.
The models employ SU(Nc), SO(Nc) or Sp(Nc) gauge
theories with massive vector-like quarks. Here we consider an
SU(Nc) gauge theory for definiteness, and denote quark and
antiquark chiral superfields by Qi and Q¯i (i = 1, · · · , Nf ).
We take the number of quark flavors to be in the range Nc +
1 ≤ Nf < 32Nc. The tree-level superpotential in this sector is
given by
W = mijQ¯
iQj. (36)
We adopt the basis in which the quark mass matrix is diagonal,
mij = −miδij with mi real and positive. We consider that
all the masses are different to avoid (potentially) unwanted
Nambu–Goldstone bosons, and assume that they are ordered
as m1 > m2 > · · · > mNf > 0 without loss of generality.
For mi ≪ Λs, the theory breaks supersymmetry on
a local minimum, where Λs is the dynamical scale of
SU(Nc) [4]. After integrating out the excitations of masses
of order (mΛs)1/2, the relevant degrees of freedom are Sij =
Q¯iQj/Λs (i, j = Nf −Nc+1, · · · , Nf ) with the superpoten-
tial
W = −miΛsSii, (37)
where we have assumed mi ∼ m for simplicity. These de-
grees of freedom obtain masses of order (mΛs)1/2/4pi due to
the corrections to the Ka¨hler potential. This, therefore, repro-
duces the essential structure of Eqs. (1, 2).
The complete superpotential in the electric theory is given
by the combination of the quark mass terms, Eq. (36), and
general interactions of the quarks with the messengers [1]:
W = mijQ¯
iQj +
λij
M∗
Q¯iQjf f¯ +Mff¯, (38)
7where M∗ is the cutoff scale of the theory, and λij are dimen-
sionless constants. The correspondence between the scales
of the present model and those in Section II is given by
µ2 ≃ mΛs, κ ≃ λΛs/M∗ and Λ ≃ 4pi(mΛs)1/2, where
we have assumed mi ∼ m and λij ∼ λ.
We finally comment on an example of straightforward vari-
ations of the models reviewed above. In the above models, the
effective supersymmetry breaking fields are two-body com-
posite states, Sii ∼ Q¯iQi, so that the supersymmetry break-
ing superpotential of Eq. (37) comes from dimension-two op-
erators in the ultraviolet, Eq. (36). We can, however, also con-
sider models in which the supersymmetry breaking fields are
n-body composite states with n > 2. Consider, for exam-
ple, an SU(Nc) gauge theory with Nf massless vector-like
quarks, Qi and Q¯i (i = 1, · · · , Nf ), and a massless adjoint
chiral superfield X .4 The superpotential of the theory is then
W =
λ
3
TrX3 − ζijQ¯iXQj. (39)
For 12Nc + 1 ≤ Nf < 23Nc, this theory has a dual mag-
netic description which is infrared free [14]. The dual the-
ory is an SU(2Nf − Nc) gauge theory with Nf vector-like
quarks, qi and q¯i, an adjoint, Y , and elementary singlets,
M ij = Q¯iQj/Λs and Sij = Q¯iXQj/Λ2s. The magnetic
theory has the superpotential
W = −λ
3
TrY 3+
λ
Λs
M ij q¯iY qj+λS
ij q¯iqj−ζijΛ2sSij . (40)
(The first term is absent for Nf = 12Nc + 1.) Here, we have
normalized the fields qi, q¯i, Y , M ij and Sij to have canonical
mass dimensions in the infrared, and we have taken Λel =
Λmag ≡ Λs for simplicity.5
We find that the last two terms of Eq. (40) have the iden-
tical structure with the corresponding terms in the previous
model.6 TheSij fields can thus serve the role of the supersym-
metry breaking fields. The stability of Sij is ensured by loops
of the dual quarks qi and q¯i, and potentially unwanted light
fields obtain masses from higher dimension operators omitted
in Eq. (39). (Under the existence of higher dimension opera-
tors, an appropriate vacuum must be chosen in the dual mag-
netic theory.) Together with the couplings to the messengers
W =
ηij
M2∗
Q¯iXQjf f¯ , (41)
this provides gauge mediation models in which the effec-
tive supersymmetry breaking fields are three-body compos-
4 The absence of the masses is not crucial. They just have to be suppressed
sufficiently so that they do not alter the essential dynamics.
5 A similar superpotential to Eq. (40) is obtained for Nf = 12 (Nc + 1) if
Nc is odd. In this case the relevant infrared degrees of freedom are qi, q¯i
and Sij , so that the first two terms of Eq. (40) are absent. The model also
works in this case, since a possible nonperturbative superpotential term
(detSij)2S−1
kl
M lk [15] is irrelevant.
6 A more complicated case without an accidental low-energy U(1)R sym-
metry was considered in Ref. [16].
ψ(16) H(10) X = ψψH Y = H2
U(1)R −3 1 −5 2
U(1)M −1 2 0 4
TABLE I: Global symmetries of the SO(10) model in the absence
of a superpotential.
ite states (n = 3 in the language of Section II C). Accord-
ing to the general discussions in Section II C, the models re-
quire small couplings ζij or an enhancement of the operators
of Eq. (41).
B. SO(10) model with ψ(16) andH(10)
A general philosophy advocated in Ref. [1] is to discard
a U(1)R symmetry altogether at the level of a fundamental
theory. An approximate U(1)R symmetry should then arise
in the low-energy effective theory as an accidental property
of the supersymmetry breaking sector. Presumably the ear-
liest calculable model of supersymmetry breaking without a
U(1)R symmetry is an SO(10) gauge theory with two chi-
ral superfields, ψ(16) and H(10) [17]. This theory breaks
supersymmetry under the existence of an H mass term, and
can be regarded as a continuous deformation of an incalcula-
ble model of supersymmetry breaking, SO(10) with a single
16 [18], since they hold the same Witten index [19]. We can
thus use this theory to construct a model of gauge mediation
by coupling it to the messengers, along the lines of Ref. [1].
In the absence of a superpotential, the theory has global
symmetries listed in Table I. These symmetries are explicitly
broken under the existence of the most general renormalizable
superpotential consistent with the gauge symmetry:
W = λψψH − m
2
H2. (42)
The general D-flat directions are parameterized by gauge-
invariant polynomials X = ψψH and Y = H2. At a generic
point in X-Y space, the gauge group is broken to SO(7),7
whose gaugino condensation generates a nonperturbative su-
perpotential
Wnp = c
Λ
21/5
s
X2/5
, (43)
where c is a calculableO(1) numerical coefficient, and Λs the
dynamical scale of SO(10). Since the value of c is not im-
portant in the rest of the discussions, we set c = 1 by suitably
changing the normalization of Λs.
The model is calculable when λ≪ 1 and m ≪ Λs. In this
limit, we can first ignore the mass term −mH2/2 and find a
7 This is a non-standard embedding, where SO(7) is embedded into the
SO(8) subgroup of SO(10) after we use the triality that switches the vec-
tor representation and one of the Majorana–Weyl spinor representations.
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〈X〉 =
(
2
5λ
)5/7
Λ3s, Y : arbitrary. (44)
One can verify that the U(1)M anomalies are saturated by the
composite Y alone. As long as λ ≪ 1 and hence 〈X〉 ≫ Λ3s
the theory is weakly coupled, and the Ka¨hler potential for X
and Y can be worked out with the tree-level approximation.
We use a similar technique to that in [20]. The result is
K = x2 +
1√
2x
|X |+ 1
4x2
|Y |2. (45)
Here, x is the real positive solution to the equation ∂K/∂x =
0:
4x4 −
√
2|X |x− |Y |2 = 0, (46)
which can be solved analytically using Ferrari’s method. With
X integrated out along the moduli space of Eq. (44), the low-
energy theory is one with Y alone, whose Ka¨hler potential can
be expanded around the origin as
K =
3
2
|〈X〉|2/3 + |Y |
2
2|〈X〉|2/3 −
|Y |4
6|〈X〉|2 +O(|Y |
6). (47)
It is guaranteed that this Ka¨hler potential depends only on the
combination |Y |2 because of the U(1)M invariance of the the-
ory in the absence of the mass term−mY/2. We thus find that
the low-energy theory, characterized by the Ka¨hler potential
of Eq. (47) and the linear superpotential term W = −mY/2,
has an accidental U(1)R symmetry, under which Y carries a
charge of +2.
The rest of the discussion reduces to the general one in Sec-
tion II. Note that the negative coefficient for the quartic term
in the Ka¨hler potential originates not from one-loop effects
as in the models in Section IV A but rather from the tree-level
Ka¨hler potential along theD-flat directions. Correspondingly,
there are no other light fields in the theory to generate the quar-
tic term, which makes the model more easily compatible with
cosmology. The coupling to the messengers is given by
W =
η
2M∗
H2f f¯ . (48)
The correspondence of the scales can be worked out easily
by canonically normalizing the Y field in Eq. (47): S ≡
Y/
√
2|〈X〉|1/3. It is given by µ2 ≃ mΛs/λ5/21, κ ≃
ηΛs/λ
5/21M∗ and Λ ≃ Λs/λ5/21. For an appropriate range
of the parameters, the superpotential of the model can be a
generic one compatible with the gauge symmetry, as in the
models of Ref. [1].
In fact, the basic dynamics of the model just described is
more general. Consider a model of dynamical supersymme-
try breaking in which some of the classical flat directions
are lifted by superpotential interactions. By choosing these
interactions appropriately, one can make expectation values
of fields larger than the dynamical scale, and thus make the
model calculable. Now, if the model allows for making only
one field S significantly lighter than the rest of the excitations
(such as the Y field above), then one can write a low-energy
effective theory that contains only a single composite field S.
By shifting the origin of S such that 〈S〉 = 0 at the mini-
mum, the superpotential contains a linear term, and the Ka¨hler
potential takes generically the form of Eq. (2). We can then
construct a model of gauge mediation simply by coupling the
gauge invariant operator S to the messenger bilinear f f¯ in the
superpotential.
A small variation of this picture is obtained, for exam-
ple, in the SU(5) model with A(10), F (5), and two F¯i(5∗)
(i = 1, 2) [17]. This model can be viewed as a continuous
deformation of the incalculable model with only A and one
F¯ [21], once a mass term is given to a pair of F and F¯ . The
most general superpotential of the model is
W = λAF¯1F¯2 + λ
′AAF −mF¯1F, (49)
while the nonperturbative superpotential is
Wnp =
Λ6s
[(AF¯1F¯2)(AAF )]1/2
, (50)
where Λs is the dynamical scale of SU(5). There is no U(1)R
symmetry, but there is a global SU(2) × U(1) symmetry in
this model. In terms of the gauge-invariant polynomials X =
(1/2)(AF¯1F¯2), Y = (1/
√
2)(AAF ) and Si = F¯iF , the tree-
level Ka¨hler potential can be worked out and expanded in Si
as
K = 6(|X |+ |Y |)2/3 +
∑
i S
†
i Si
2(|X |+ |Y |)2/3
− (
∑
i S
†
i Si)
2
24(|X |+ |Y |)2 +O(S
6
i ). (51)
The global SU(2)×U(1) invariance of the theory guarantees
that it depends on Si only through the combination
∑
i S
†
i Si.
After minimizing the superpotential without the mass term
(m = 0), both X and Y are fixed and can be integrated out.
The low-energy theory consists of Si alone, which saturates
the SU(2)×U(1) anomalies. Given the negative quartic term
in the Ka¨hler potential, the mass term breaks supersymme-
try with a stable minimum at the origin Si = 0. One can
verify that both S1 and S2 acquire positive squared masses.
In fact, this model generalizes to SU(2k + 1) with an an-
tisymmetric tensor A, one fundamental F and (2k − 2) an-
tifundamentals F¯i. With AkF and AF¯iF¯j terms in the su-
perpotential and the nonperturbative superpotential Wnp ∝
[(AkF )Pf(AF¯iF¯j)]
−1/2
, the low-energy theory is given in
terms of Si = F¯iF that match the anomalies of the global
Sp(k−1)×U(1) symmetry. A mass termmF¯1F would break
supersymmetry with a stable minimum at the origin. Then the
coupling to the messengers F¯iFff¯/M∗ makes gauge media-
tion possible.
C. Models with incalculable Ka¨hler potentials
The first model we present here uses the supersymmetry
breaking theory of Ref. [22], based on the phenomenon of
9quantum smooth-out of classical singularities in moduli space.
Consider an SU(2) gauge theory with a single chiral super-
field Q in the I = 3/2 representation. The gauge invariant
chiral operator in this theory is u = QQQQ, and we intro-
duce the following tree-level superpotential:
W = − ζ
M∗
u, (52)
where M∗ is the cutoff scale of the theory, presumably of or-
der MPl, and ζ a dimensionless constant. Since u saturates
nontrivial ’t Hooft anomaly matching conditions [23], we ex-
pect that u is the only low-energy degree of freedom. The
Ka¨hler potential for u is then given by
K = Λ2s G
( |u|2
Λ8s
)
, (53)
where Λs is the dynamical scale of SU(2) gauge interactions.
For |u| ≪ Λ4s, G(x) is expected to be a polynomial func-
tion with the coefficients of O(1) up to symmetry factors —
the classical singularity at the origin of u is smoothed out by
quantum effects.
Denoting the field with the canonical dimension by S =
u/Λ3s, the low-energy super- and Ka¨hler potentials for |S| ≪
Λs take the form given by the first term of Eq. (1) and Eq. (2),
respectively. In the present theory, however, the sign of the
quartic term in Eq. (2) is incalculable, while it must be nega-
tive in order for the model to work. We thus make a dynamical
assumption that the sign of this term is negative.
The complete superpotential of the model is given by
W = − ζ
M∗
u+
η
M3∗
uff¯ +Mff¯, (54)
where η is a dimensionless constant. The model reduces at
low energies to that of Eqs. (1, 2), with µ2 = ζΛ3s/M∗,
κ = ηΛ3s/M
3
∗ and Λ ≃ Λs. In addition to the terms in
Eq. (54), the most general terms consistent with the gauge
symmetry may present. The coefficients of these terms need
not be suppressed, since the constraints of Eq. (12) are almost
automatically satisfied because of the compositeness of S.
As discussed in Section II C, the dimensionless coupling
ζ must be small in order for the model to work (for η ∼ 1
and M∗ ∼ MPl; see Eq. (22).) Successful parameter regions
include, for example, Λs ≃ 1015 GeV, M∗ ≃ 1018 GeV,
ζ ≃ 10−8, η ≃ 1, and M ≃ 106 GeV.
A nearly identical analysis can be made on an SU(6) gauge
theory with a rank-three antisymmetric tensor Aijk . For
general D-flat configurations, the gauge group is broken to
SU(3) × SU(3), each of which develops a gaugino conden-
sate. Depending on the relative phase between the two con-
densates, the nonperturbative superpotential
Wnp =
(
1 + (−1)1/3) Λ5s
(A4)1/2
, (55)
can identically vanish.8 The composite field A4 saturates the
8 For an alternative derivation of inequivalent branches, see [24].
U(1)R and U(1)3R anomalies, so we expect it to have a non-
singular Ka¨hler potential at the origin. An introduction of a
linear term in A4 would then break supersymmetry. As in the
SU(2) model, however, the quartic term in the Ka¨hler poten-
tial is not calculable. We thus have to assume that its coeffi-
cient is negative in order to use this theory.
Yet another example is SO(N) theories withN−4 vectors.
They have two inequivalent branches, one with and the other
without a dynamical superpotential [25]. All anomalies are
saturated by the mesons M ij = QiQj .9 Adding a mass term
to just one of the flavors, the theory breaks supersymmetry.
Again the quartic term in the Ka¨hler potential is not calculable
and we have to simply assume that its coefficient is negative
to use this theory.
V. RELATED MODELS
In this section we present models that do not exactly fall in
the category discussed in Section II. We first present models in
which the low-energy effective theories contain more than one
field, S. In general, these theories have multiple composite
fields Xi (i = 1, 2, · · ·) at low energies, which are stabilized
due to complicated Ka¨hler potentials. Models of gauge me-
diation are then obtained by coupling the degree of freedom
responsible for supersymmetry breaking to the messengers in
the superpotential. In the case that the Ka¨hler potentials are
complicated, the low-energy fieldsXi cannot be regarded sim-
ply as multiple copies of an S field, in contrast with the case in
some of the previous models such as the ones in Section IV A.
We then consider models that do not contain any degree
of freedom which is significantly lighter than the dynamical
scale. While these models are generally incalculable, models
of gauge mediation can be obtained by coupling the messen-
gers to appropriate composite operators.
While the models discussed in this section do not have
an identical low-energy structure to those of Section II, they
share many features. In particular, the basic constructions of
the models are quite similar — we simply prepare a supersym-
metry breaking model that has a stable supersymmetry break-
ing minimum (either global or local), and then couple the op-
erator responsible for supersymmetry breaking to the bilin-
ear of (generically massive) messengers. Many of the general
analyses in Section II also persist. In particular, a general con-
straint on parameters in Eq. (22) persists, despite the fact that
the powers of ζ appearing in the gauge-mediated and gravity-
mediated contributions in Eqs. (19, 20) can now be different.
Here, ζ represents the coefficient in front of the operator re-
sponsible for supersymmetry breaking in the superpotential.
We will prove this fact in Section V A.
9 Discrete anomalies are not matched because of a condensate
〈QN−4WαWα〉 6= 0; see [26].
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A. Models with multiple low-energy fields
A class of theories that breaks supersymmetry dynamically
is chiral gauge theories which do not possess classical flat di-
rections, and in which global symmetries are spontaneously
broken [21, 27, 28]. These theories have stable supersymme-
try breaking vacua, and one can construct models of gauge
mediation by coupling these theories to (generically massive)
messengers f, f¯ . Here we present one such theory explicitly,
and analyze its relations to the class of models discussed in
Section II.
Consider an SU(3) × SU(2) gauge theory with the mat-
ter contentQ(3,2), U(3∗,1), D(3∗,1) and L(1,2), with the
tree-level superpotentialW = ζQDL. This theory breaks su-
persymmetry at the vacuum with expectation values for the
fields v ∼ Λs/ζ1/7 [28]. Here, Λs is the dynamical scale of
SU(3), which we assume to be larger than that of SU(2). The
vacuum energy is given by V ∼ ζ10/7Λ4s.
It is useful to analyze the theory in terms of the gauge-
invariant composite fields: X1 = QDL, X2 = QUL and
X3 = det(Q¯iQ
j), where Q¯i ≡ (D,U) and j = 1, 2 is
the SU(2) index. Including nonperturbative effects, the low-
energy effective superpotential is
W = ζX1 + 2
Λ7s
X3
. (56)
For ζ ≪ 1, expectation values for the fields are much larger
than the dynamical scale, v ≫ Λs, so that the Ka¨hler potential
is well approximated by the tree-level one. In terms of the
composite fields, it is given by [20]
K = 24
A+Bx
x2
, (57)
where A = (X†1X1 +X
†
2X2)/2, B = (X
†
3X3)
1/2/3, and
x = 4
√
B cos
(
1
3
arccos
A
B3/2
)
. (58)
By minimizing the resulting scalar potential, we find that the
minimum is at
〈X1〉 ≃ 0.50 Λ
3
s
ζ3/7
, 〈X2〉 = 0, 〈X3〉 ≃ 2.58 Λ
4
s
ζ4/7
, (59)
with
FX1 ≃ −2.57 ζ3/7Λ4s, FX2 = 0, FX3 ≃ 3.42 ζ2/7Λ5s,
(60)
where FXi represent the vacuum expectation values for the
auxiliary components of chiral superfields Xi. We can thus
construct a model of gauge mediation by coupling X1 to the
messengers in the superpotential.
The relevant superpotential for the messengers is
W =
η
M2∗
QDLff¯ +Mff¯, (61)
where M∗ is the cutoff scale of the theory. The supersymmet-
ric and holomorphic supersymmetry breaking masses for the
messengers are given by
Mmess =M +
η
M2∗
〈X1〉 ≈M + ηΛ
3
s
ζ3/7M2∗
, (62)
and
Fmess =
η
M2∗
〈FX1〉 ≈
ηζ3/7Λ4s
M2∗
, (63)
where we have omitted O(1) coefficients. The condition for
avoiding tachyonic messengers is
Mmess >∼
η1/2ζ3/14Λ2s
M∗
. (64)
As long as this condition is satisfied, the minimum in the orig-
inal theory stays as a local supersymmetry-breaking minimum
in the theory with the messengers.
The resulting gauge-mediated contribution to the scalar and
gaugino masses in the SSM sector is of order
mSUSY ≈ g
2
16pi2
ζ3/7ηΛ4s
M2∗Mmess
, (65)
while generic gravity-mediated contributions to the SSM-
sector scalars, arising from Ka¨hler potential terms of the form
Q†QΦ†Φ/M2Pl, U
†UΦ†Φ/M2Pl and so on, are of order
m3/2 ≈
ζ5/7Λ2s
MPl
, (66)
where Φ represents matter and Higgs superfields in the SSM
sector. To obtain mSUSY = O(100 GeV∼ 1 TeV), we need
to take
ζ3/7ηΛ4s
M2∗Mmess
≈ 100 TeV. (67)
The tunneling rate from the supersymmetry breaking mini-
mum to the true supersymmetric (runaway) minimum does
not give a very strong constraint on the parameters.
From the expressions in Eqs. (65, 66), we find that the ratio
of gravity- to gauge-mediated contributions is given by
m3/2
mSUSY
≈ 16pi
2
g2
ζ2/7M2∗Mmess
ηΛ2sMPl
>∼ 100
ζ1/2M∗
η1/2MPl
. (68)
Note that this inequality is identical to the corresponding one
in Section II C, Eq. (21), despite the fact that the powers of
ζ in Eqs. (64, 65, 66) are different from the corresponding
ones in Section II C. Therefore, the general bound in Eq. (22)
also applies to the present case. In particular, the coupling
ζ must be suppressed for η ∼ 1 and M∗ ∼ MPl. An ex-
ample of phenomenologically successful parameter regions in
the present model is ζ ≃ 10−8, η ≃ 1, Λs ≃ 1012−13 GeV,
M∗ ≃ 1018 GeV and M ≃ 105−6 GeV.
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One can show that the general bound of Eq. (22) applies
quite generally in the present class of theories. Suppose that
the gauge-invariant chiral superfield operator O that couples
to f f¯ and gives Fmess and (a part of) Mmess consists of n el-
ementary fields, O ∼ Qn, and the superpotential term gen-
erating the auxiliary component expectation value for O is
given by W = ζO/Mn−3∗ . (The SU(3) × SU(2) model
discussed above corresponds to the case with n = 3.) Char-
acteristic field expectation values, 〈Q〉, depend on the non-
perturbatively generated superpotential, but can in general be
parameterized by 〈Q〉 ∼ Λs/ζα, where Λs is the dynamical
scale for the relevant gauge interactions and α > 0. (The
SU(3) × SU(2) model has α = 1/7). The F -term expecta-
tion value for Q is then given by FQ ∼ ζ〈Q〉n−1/Mn−3∗ ∼
ζ1−(n−1)αΛn−1s /M
n−3
∗ (which implies α < 1/(n− 1) since
FQ should vanish for ζ → 0). The coupling to the messen-
gers takes the form W = (η/Mn−1∗ )Of f¯ , so the messenger
masses are given by
Mmess ≈ M + ηΛ
n
s
ζnαMn−1∗
, (69)
Fmess ≈ ζ
1−2(n−1)αηΛ2n−2s
M2n−4∗
, (70)
where we have used the fact that the Ka¨hler potential is ap-
proximately canonical in terms of the ultraviolet fields Q for
ζ <∼ 1. The gauge-mediated and gravity-mediated contribu-
tions are given by
mSUSY ≈ g
2
16pi2
ζ1−2(n−1)αηΛ2n−2s
M2n−4∗ Mmess
, (71)
m3/2 ≈
ζ1−(n−1)αΛn−1s
Mn−3∗ MPl
, (72)
respectively. Using the stability condition for the messengers
Mmess >∼ F 1/2mess, we then find the same inequality as Eq. (68):
m3/2
mSUSY
≈ 16pi
2
g2
ζ(n−1)αMn−1∗ Mmess
ηΛn−1s MPl
>∼ 100
ζ1/2M∗
η1/2MPl
, (73)
which implies the general bound of Eq. (22).
B. Incalculable models
Consider an SU(5) gauge theory with ψ(10) and φ(5∗).
This theory does not have a classical flat direction, and has
an exact global U(1)R symmetry with the charge assignment
R(ψ) = 1 and R(φ) = −9. The difficulty of satisfying the
’t Hooft anomaly matching condition suggests that the U(1)R
symmetry is dynamically broken. The other exact global
symmetry of the theory, U(1)A with the charge assignment
A(ψ) = 1 and A(φ) = −3, may or may not be broken.10
The broken U(1)R symmetry, together with the absence of a
classical flat direction, then suggests that supersymmetry is
dynamically broken at the vacuum [21].
It is natural to consider that theU(1)R symmetry and super-
symmetry are broken, respectively, by the vacuum expectation
values of the lowest and highest components of the operator
S ≡ WαWα, whereWα is the gauge field-strength superfield
for SU(5).11 We assume here that this is indeed the case:
〈S〉 ∼ Λ3s and FS ∼ Λ4s, where Λs is the dynamical scale of
SU(5). A model of gauge mediation is then obtained by in-
troducing the following Lagrangian terms for the messengers:
L =
∫
d2θ
(
1
m2
f f¯WαWα +Mff¯
)
+ h.c., (74)
where m is a scale associated with the generation of the
f f¯WαWα term (assuming O(1) dimensionless couplings).
The supersymmetric and holomorphic supersymmetry break-
ing masses for the messengers are then given by
Mmess ≈ M + Λ
3
s
m2
, (75)
Fmess ≈ Λ
4
s
m2
. (76)
The gauge-mediated and gravity-mediated contributions are
given by
mSUSY ≈ g
2
16pi2
Λ4s
m2Mmess
, (77)
m3/2 ≈
Λ2s
MPl
. (78)
There are several constraints for the model to work. First,
the messenger stability requires that M2mess > Fmess. Assum-
ingm≫ Λs, this implies thatMmess is dominated by the first
term in Eq. (75) and that
M >∼
Λ2s
m
. (79)
We then requires the gauge-mediated contribution to dominate
the gravity-dominated one, leading to
m2M
Λ2sMPl
<∼ O(10−4∼10−3). (80)
Equations (79, 80) imply that the parameter m should be at
least 3 or 4 orders of magnitude smaller than MPl. The first
10 The U(1)A symmetry is most likely not broken as its anomalies can be
matched by a simple three-fermion composite (ψijφi)φj , where i, j are
SU(5) fundamental indices and the parenthesis represents the contraction
of spinor indices.
11 There are other natural candidate chiral superfields for nonvanish-
ing highest-component expectation values: D¯2(TreV T ψ†eV ψ) and
D¯2(φ†e−V
T
φ). They are, however, identical to WαWα because of the
Konishi anomaly [29].
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term of Eq. (74) with such a small m can be easily generated,
for example, by introducing a pair of vector-like fields F (r)+
F¯ (r∗) under SU(5), as well as the superpotential
W =
λ
M∗
FF¯f f¯ +MFFF¯ , (81)
where M∗ is the cutoff scale of the theory, presumably of or-
der MPl, and MF takes a value in the range
Λs <∼MF <∼M∗. (82)
After integrating out the F, F¯ fields, we obtain the first term
of Eq. (74) with
m2 ≈ 8pi2MFM∗
λ
. (83)
Finally, to obtain mSUSY = O(100 GeV∼1 TeV), we need
Λ4s
m2M
≈ 100 TeV. (84)
To summarize, the model has an SU(5) gauge symmetry
with the matter content ψ(10), φ(5∗), F (r) and F¯ (r∗). The
superpotential is given by
W =MFFF¯ +
λ
M∗
FF¯f f¯ +Mff¯, (85)
together with the other terms compatible with the gauge sym-
metry.12 For r = 5 or 5∗, this model can be regarded as a
continuous deformation of the model discussed at the end of
Section IV B. An example of successful parameter values is
Λs ≃ 109.5 GeV,M∗ ≃ 1018 GeV, λ ≃ 1,MF ≃ 1010 GeV,
and M ≃ 105 GeV.
VI. GENERATING SMALL PARAMETERS
The models discussed so far have used small parameters,
e.g. small dimensionless couplings and/or mass parameters
that are hierarchically smaller than the cutoff scale. It is rather
easy to generate these small parameters dynamically, using
supersymmetric dynamics.
As an example, let us consider an SU(2) gauge theory with
4 quark chiral superfields Qi (i = 1, · · · , 4). There are six
gauge-invariant meson operators constructed out ofQi, which
can be decomposed into a 5-plet, (QQ)m (m = 1, · · · , 5),
and a singlet, (QQ), under the SP (4) ≃ SO(5) subgroup
of the flavor SU(4) ≃ SO(6) symmetry. Nonperturbative
SU(2) dynamics induce vacuum expectation values for these
operators (QQ)2m + (QQ)2 = Λ′4, where Λ′ is the dynam-
ical scale of SU(2) [9]. We now introduce the superpoten-
tial term W = kZm(QQ)m, where Zm is an SU(2)-singlet
12 The fields F (r) and F¯ (r∗) can be replaced by a single field F (r), and
F F¯ by F 2/2, if r is a real representation of SU(5).
chiral superfield and k a coupling constant. This leads to
〈(QQ)m〉 = 0 and 〈(QQ)〉 = Λ′2, which can be used as
a general scale generation mechanism through the (QQ) op-
erator [30]. Specifically, we can generate small mass and/or
dimensionless parameters, simply by replacing them by (some
powers of) the operator (QQ) suppressed by appropriate pow-
ers of the cutoff scale. For a sufficiently large value of k, this
does not disturb the original dynamics of the models.
Another way of generating small parameters is to use the
gaugino condensation of a supersymmetric pure Yang-Mills
theory. Suppose we replace small parameters by (some pow-
ers of) the bilinear of the gauge field-strength superfield,
WαWα suppressed by appropriate powers of the cutoff scale.
The low-energy effective Lagrangian is then obtained essen-
tially by setting WαWα = Λ′3, where Λ′ is the dynamical
scale of the Yang-Mills theory. This, therefore, dynamically
generates small parameters [31]. While this process also gen-
erates other (small) terms in the superpotential, minima of
the potential in the original models are maintained in general,
with only small shifts in expectation values of the fields.
It is model dependent if these scale generation mechanisms
lead to a theory in which the interactions are the most gen-
eral ones consistent with symmetries. For the models in our
previous work Ref. [1], this question has been discussed in
Ref. [32]. In the SO(10) model of Section IV B, we can
consider a discrete R symmetry under which the mass term
of the H field is replaced by (some powers of) the gaug-
ino condensation of a pure Yang-Mills theory. For exam-
ple, we can consider a Z7,R symmetry with the charge as-
signment R(ψ) = −2 and R(H) = −1. This leads to an
unsuppressed coupling λ, with the H mass term given by
m ≈ (WαWα)2/M5∗ = Λ′6/M5∗ .
VII. CONCLUSIONS
In this paper, we have presented a simple scheme for con-
structing models that achieve successful gauge mediation of
supersymmetry breaking. It uses the essence of the success
of the models in our previous work [1], which relies on an
approximate U(1)R symmetry for the field that breaks su-
persymmetry. We have clarified essential ingredients for the
scheme: (i) a negative quartic term for the supersymmetry
breaking field in the Ka¨hler potential, (ii) an adequate sup-
pression of explicit breaking of the U(1)R symmetry, and (iii)
an explicit mass term for the messengers.
We have shown various possible origins for (i). The nega-
tive quartic term in the Ka¨hler potential may arise at the one-
loop level due to light fields in the low-energy theory, at tree
level in the calculable Ka¨hler potential alongD-flat directions,
or at the nonperturbative level for composite fields.
On general grounds, we need an unexplained suppression
of explicit U(1)R breaking terms if the supersymmetry break-
ing field is an elementary singlet. It could arise accidentally
in certain string compactifications or due to anthropic reasons
on the landscape of theories. On the other hand, models in
which a composite field breaks supersymmetry naturally sup-
press the U(1)R breaking effects and are very attractive.
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Finally, the explicit mass term for the messengers may well
arise from dimensional transmutation at a scale much lower
than the cutoff scale, due to quantum modified moduli space
or gaugino condensations.
We also pointed out that the successful models do rely
on small parameters to sufficiently suppress gravity-mediated
supersymmetry breaking which may be flavor non-universal
and/or CP -violating. An example is the small quark masses
in Ref. [1]. Such small parameters again can well arise from
dimensional transmutation.
Given a wide variety of classes of models that achieve suc-
cessful gauge mediation, it is also clear that the scheme ac-
commodates a wide range of the gravitino mass to alleviate
or eliminate cosmological problems concerning the gravitino
and moduli if any.
We conclude that gauge mediation of supersymmetry
breaking is a rather generic phenomenon on the landscape
of supersymmetric theories. This observation largely elimi-
nates the concern about low-energy supersymmetry due to the
absence of anomalous flavor-changing and CP -violating ef-
fects. This revitalizes interest in supersymmetry below the
TeV scale, which will be probed by the forthcoming LHC ex-
periments.
Acknowledgments
This work was supported in part by the U.S. DOE under
Contract DE-AC03-76SF00098, and in part by the NSF under
grant PHY-04-57315. The work of Y.N. was also supported
by the NSF under grant PHY-0555661, by a DOE OJI award,
and by an Alfred P. Sloan Research Fellowship.
[1] H. Murayama and Y. Nomura, arXiv:hep-ph/0612186.
[2] M. Dine and W. Fischler, Phys. Lett. B 110, 227 (1982); Nucl.
Phys. B 204, 346 (1982); L. Alvarez-Gaume´, M. Claudson and
M. B. Wise, Nucl. Phys. B 207, 96 (1982); S. Dimopoulos and
S. Raby, Nucl. Phys. B 219, 479 (1983).
[3] M. Dine, A. E. Nelson and Y. Shirman, Phys. Rev. D 51, 1362
(1995) [arXiv:hep-ph/9408384]; M. Dine, A. E. Nelson, Y. Nir
and Y. Shirman, Phys. Rev. D 53, 2658 (1996) [arXiv:hep-
ph/9507378].
[4] K. Intriligator, N. Seiberg and D. Shih, JHEP 0604, 021 (2006)
[arXiv:hep-th/0602239].
[5] M. J. Duncan and L. G. Jensen, Phys. Lett. B 291, 109 (1992);
S. R. Coleman, Phys. Rev. D 15, 2929 (1977) [Erratum-ibid. D
16, 1248 (1977)].
[6] H. Pagels and J. R. Primack, Phys. Rev. Lett. 48, 223 (1982).
[7] L. O’Raifeartaigh, Nucl. Phys. B 96, 331 (1975).
[8] K. I. Izawa and T. Yanagida, Prog. Theor. Phys. 95, 829 (1996)
[arXiv:hep-th/9602180]; K. Intriligator and S. Thomas, Nucl.
Phys. B 473, 121 (1996) [arXiv:hep-th/9603158].
[9] N. Seiberg, Phys. Rev. D 49, 6857 (1994) [arXiv:hep-
th/9402044].
[10] N. Arkani-Hamed and H. Murayama, Phys. Rev. D 57, 6638
(1998) [arXiv:hep-th/9705189].
[11] Z. Chacko, M. A. Luty and E. Ponton, JHEP 9812, 016 (1998)
[arXiv:hep-th/9810253].
[12] M. A. Luty, Phys. Rev. D 57, 1531 (1998) [arXiv:hep-
ph/9706235]; A. G. Cohen, D. B. Kaplan and A. E. Nelson,
Phys. Lett. B 412, 301 (1997) [arXiv:hep-ph/9706275].
[13] K. Intriligator and S. Thomas, in Ref. [8].
[14] D. Kutasov, Phys. Lett. B 351, 230 (1995) [arXiv:hep-
th/9503086]; D. Kutasov and A. Schwimmer, Phys. Lett. B 354,
315 (1995) [arXiv:hep-th/9505004].
[15] C. Csaki and H. Murayama, Phys. Rev. D 59, 065001 (1999)
[arXiv:hep-th/9810014].
[16] A. Amariti, L. Girardello and A. Mariotti, JHEP 0612, 058
(2006) [arXiv:hep-th/0608063].
[17] H. Murayama, Phys. Lett. B 355, 187 (1995) [arXiv:hep-
th/9505082].
[18] I. Affleck, M. Dine and N. Seiberg, Phys. Lett. B 140, 59
(1984).
[19] E. Witten, Nucl. Phys. B 202, 253 (1982).
[20] J. Bagger, E. Poppitz and L. Randall, Nucl. Phys. B 426, 3
(1994) [arXiv:hep-ph/9405345].
[21] I. Affleck, M. Dine and N. Seiberg, Phys. Lett. B 137, 187
(1984).
[22] K. A. Intriligator, N. Seiberg and S. H. Shenker, Phys. Lett. B
342, 152 (1995) [arXiv:hep-ph/9410203].
[23] G. ’t Hooft, in Recent Developments in Gauge Theories, eds.
G. ’t Hooft et.al. (Plenum press, New York, 1980), p. 135.
[24] C. Csaki, M. Schmaltz and W. Skiba, Phys. Rev. D 55, 7840
(1997) [arXiv:hep-th/9612207].
[25] K. A. Intriligator and N. Seiberg, Nucl. Phys. B 444, 125 (1995)
[arXiv:hep-th/9503179].
[26] C. Csaki and H. Murayama, Nucl. Phys. B 515, 114 (1998)
[arXiv:hep-th/9710105].
[27] I. Affleck, M. Dine and N. Seiberg, Phys. Rev. Lett. 52, 1677
(1984).
[28] I. Affleck, M. Dine and N. Seiberg, Nucl. Phys. B 256, 557
(1985).
[29] K. Konishi, Phys. Lett. B 135, 439 (1984); K. i. Konishi and
K. i. Shizuya, Nuovo Cim. A 90, 111 (1985).
[30] K. I. Izawa, Y. Nomura, K. Tobe and T. Yanagida, Phys. Rev. D
56, 2886 (1997) [arXiv:hep-ph/9705228].
[31] M. Dine, J. L. Feng and E. Silverstein, Phys. Rev. D 74, 095012
(2006) [arXiv:hep-th/0608159].
[32] O. Aharony and N. Seiberg, arXiv:hep-ph/0612308.
